Introduction
Since the discovery of oncogenes (McBride et al., 1982; Parada et al., 1982; Varmus and Bishop, 1986) , our knowledge of the genetic events that lead to cancer has advanced rapidly. However, our understanding of the cellular consequences of these mutations in the organs in which cancers arise has lagged. Unraveling the underlying cellular biology of these organs coupled with a detailed analysis of the effects of oncogenic mutations on development should help us better determine how the resultant alterations in both the stem and progenitor cells' molecular signaling pathways leads to tumor formation.
Epithelial cancers such as cancer of the colon, breast, lung and prostate are the most common cancers in adults. In each of these tissues, the mature cells of the tissue are thought to be constantly replenished by a minority population of tissue stem cells (Spangrude et al., 1988; Reya et al., 2001; Terskikh et al., 2001) . These stem cells give rise to a rapidly dividing population of progenitor cells, sometimes called transiently amplifying cells, which finally give rise to the mature epithelial cells in the tissue. In most tissues, the only long-lived cells are the stem cells, whereas other cells typically have a lifespan measured in days or weeks.
Recent evidence has demonstrated that cancers can be viewed as an abnormal organ in which tumor growth is driven by a population of cancer stem cells (CSCs), which can give rise to both more CSCs as well as nontumorigenic cancer cells (Lapidot et al., 1994; Akashi et al., 2003; Al-Hajj et al., 2003; Hemmati et al., 2003; Singh et al., 2003; Kondo et al., 2004; Matsui et al., 2004; Setoguchi et al., 2004) . In marked contrast to the CSCs, these latter cells have either no or a markedly diminished capacity to form new tumors (Lapidot et al., 1994; Al-Hajj et al., 2003; Hemmati et al., 2003; Singh et al., 2003) . This observation has implications for the biology of tumor formation as well as the diagnosis and treatment of cancer. To treat cancer effectively, the CSCs must be eliminated. Otherwise, the tumor will rapidly reform if the therapy eliminates nontumorigenic cancer cells but spares a significant population of the CSCs.
Normal stem cells
The stem cells in different tissues share two common properties, the ability to self-renew, for example, to divide and form at least one new stem cell, as well as to differentiate into the mature cells of the organ in which it resides. Although some studies suggested that plasticity allowed stem cells from different tissues such as the brain or blood system to transdifferentiate and form mature cells of many different tissues, it is now clear that such plasticity is frequently the result of a rare fusion of the stem cell or its progeny with a cell of another organ (Wagers et al., 2002; Vassilopoulos et al., 2003; Wang et al., 2003) . The ability of stem cells to expand in number is under tight genetic constraints (Phillips et al., 1992; Phillips et al., 2000; Morrison et al., 2002) . This is not surprising since unlimited stem cell expansion, coupled with the ability of the stem cells to enter the circulation (essentially metastasize) (Wagers et al., 2002) , would result in a cell with a phenotype similar to that of a cancer cell. All that would be lacking would be the property of tissue invasion.
Cancer stem cells
Solid tumors consist of a mixed populations of cancer cells that often form abnormal structures reminiscent of their normal counterparts (Heppner, 1984; Nowell, 1986) . The different cell populations could arise, in part, from sequential mutations occurring due to either genetic instability and/or environmental factors. An alternative explanation for this heterogeneity is that a tumor is essentially an aberrant organ containing a tumorigenic (stem cell) population that drives tumor growth and forms both the CSCs as well as their nontumorigenic progeny (Southam and Brunschwig, 1961; Wodinsky et al., 1967; Bergsagel and Valeriote, 1968; Hamburger and Salmon, 1977; Ozols et al., 1980; Weisenthal and Lippman, 1985) . Although both the stem cells and the nontumorigenic populations of cells contain the oncogenic mutations that result in cancer, the latter population would lack the ability to selfrenew. Several clinical observations suggest that the stem model accounts for much of the cellular heterogeneity seen in tumors, although genetic instability and environmental factors undoubtedly also contribute to the variability in phenotypes (Aubele and Werner, 1999) . Many types of cancer contain heterogeneous populations of cells that variably express differentiation markers that reflect the tissue or origin, as well as cancer cells that have an immature morphology that do not express these markers (Fidler and Kripke, 1977; Fidler and Hart, 1982; Heppner, 1984) . For example, X-linked inactivation studies suggested that the mature erythrocytes, platelets and granulocytes are often clonally derived from leukemia cells in patients with acute myeloid leukemia (AML) and chronic myeloid leukemia (CML) (Fialkow, 1976a (Fialkow, , b, 1990 Douer et al., 1981) . Frequently in teratocarcinomas, only a minority of the cancer cells express immature cell markers such as b-human chorionic gonadotropin (b-HCG), whereas some of the cancer cells form teeth and hair. In leukemia, host red blood cells and granulocytes are often derived from the malignant clone. As these terminally differentiated cancer cells are unlikely to be able to proliferate and form new tumors, it is likely that the minority population of immature leukemia cells or a-fetoprotein expressing germ cell cancer cells have the exclusive ability to form new tumors consisting of more tumorigenic cells as well as the phenotypically diverse populations of abnormally differentiated cells lacking the ability to self-renew. If one viewed the cancer as an organ, these immature cells could be considered CSCs.
Identification of CSCs
The findings that only a minority of the tumor cells found in either hematopoietic malignancies or solid cancers are clonogenic when placed in tissue culture or injected into immunodeficient mice led investigators to postulate the existence of tumor stem cells (Southam and Brunschwig, 1961; Wodinsky et al., 1967; Bergsagel and Valeriote, 1968; Park et al., 1971; Salsbury, 1975; Heppner, 1984; Henrique et al., 1997) . However, an alternative explanation for these observations was that all cancer cells have the intrinsic ability to proliferate extensively, but only some do so in a particular assay (Weisenthal and Lippman, 1985) . The techniques of stem cell biology can be used to distinguish between these possibilities (Spangrude et al., 1988; Uchida et al., 2000; Akashi and Weissman, 2001) . To prove that a phenotypically distinct population of cancer cells was solely responsible for perpetuating the disease requires isolating different populations of cancer cells and demonstrating that one or more groups were enriched for the ability to initiate the disease while other populations lacked this ability. This was first shown in AML when a leukemia tumor-initiating subpopulation of cells was prospectively identified and purified from multiple patients' bone marrows (Lapidot et al., 1994; Bonnet and Dick, 1997 ; see also Warner et al., in this issue). Recent evidence suggests that multiple myeloma may also have a stem cell population. The majority of the myeloma cells express CD138, a mature plasma cell antigen. However, a minority population of CD138 -myeloma cells preferentially engrafted immunodeficient mice and were able to generate CD138 þ cells the same light chain restriction as the original tumor cells present in the patient's tumor (Matsui et al., 2004) .
Recently, tumorigenic and nontumorigenic subsets of cancer cells have been isolated from human breast cancer tumors, providing the first direct evidence for CSCs in solid tumors. To assay the tumorigenic cancer cells, a xenograft model for human breast cancer was developed that allowed breast cancer tumors isolated directly from patients to be passaged reliably in vivo. In this model, only a subset of the breast cancer cells had the ability to form new tumors (Al-Hajj et al., 2003) . In cancer cells isolated from most patients' tumors, tumorigenic cells could be distinguished from nontumorigenic cancer cells based upon surface marker expression. In eight out of nine patients, tumorigenic cells could be prospectively identified and isolated by flow cytometry as CD44 þ CD24 À/low Lineage À cells (AlHajj et al., 2003) . Limiting-dilution assays demonstrated that as few as one hundred tumorigenic cancer cells were able to form tumors, while tens of thousands of the other populations of cancer cells failed to form tumors in NOD/SCID mice. These tumorigenic cells have been serially passaged, and each time cells within this population generated new tumors containing additional
Lineage À tumorigenic cells as well as the phenotypically mixed populations of nontumorigenic cancer cells. Importantly, the phenotypic distribution of cells closely resembled that of the original tumor. These data demonstrate the presence of a hierarchy of cells within a breast cancer tumor in which only a fraction of the cells have the ability to generate a new tumor, which contains similar populations of tumorigenic and nontumorigenic cancer cells, suggesting that the tumorigenic cells can both generate both populations of cells. Thus, tumorigenic breast cancer cells from most tumors appear to exhibit the properties of CSCs. However, before these cells can definitively be called CSCs, new assays such as retroviral marking will be necessary to demonstrate that a single transplanted cell gives rise to all of the diverse populations of cancer cells within a tumor. For example, there might be populations of self-renewing cancer cells that are restricted with respect to the phenotypic populations of nontumorigenic cancer cells that they can produce.
Using culture conditions similar to that used to culture normal neuronal stem cells as 'neurospheres', two groups have now shown that pediatric tumors of neuronal origin contain a minority population of cancer cells that are clonogenic in vitro (Hemmati et al., 2003; Singh et al., 2003) . The number of clonogenic cells in the tumors able to form spheres ranged from 1 to 25% of the cancer cells. Individual cells from dissociated spheres were able to form new spheres during serial passage in tissue culture, demonstrating that the cells could self-renew. When cultured cells were isolated based on the expression of CD133, a marker expressed by normal CNS stem cells (Uchida et al., 2000) , only the CD133 þ fraction of cells was capable of forming spheres. These studies suggest that CNS tumors of neural origin contain a stem cell population, but these conclusions need to be confirmed with studies demonstrating that the CD133 þ cells isolated directly from patients' tumors are tumorigenic in an animal model. More details on this issue are provided by Singh et al. (in this issue).
Molecular regulation of self-renewal
Proliferation and self-renewal are not synonomous. Selfrenewal is a unique cell division in which the capacity of one or both progeny to proliferate and differentiate is similar to those of the parental cell. Although a committed progenitor cell might have an extensive ability to proliferate, it is destined to eventually become terminally differentiated and stop dividing. For example, committed multipotent hematopoietic progenitor cells can give rise to mature blood elements for up to 2 months time (Morrison and Weissman, 1994) . However, with each cell division, the progenitor cell's progeny become progressively more differentiated and their proliferative capacity diminishes. On the other hand, a self-renewing cell division of a hematopoietic stem cell (HSC) results in a cell that maintains its proliferative capacity and can reconstitute the blood system for the life of an animal (Spangrude et al., 1988; Morrison and Weissman, 1994) . Indeed, a single HSC or a progeny that arose from a self-renewing cell division can be serially transplanted several times and restore blood production in lethally irradiated animals.
Most tumors develop over a period of months to years and like normal tissues consist of heterogeneous populations of cells. In previous models of cancer, the unregulated growth of tumors was attributed to the serial acquisition of genetic events that resulted in: turning on genes promoting proliferation, silencing genes involved in inhibiting proliferation and circumventing genes involved in programmed cell death. In the stem cell model for cancer, another key event in tumorigenesis is the disruption of genes involved in the regulation of stem cell self-renewal. Thus, some of the cancer cells within a tumor share with normal stem cells the ability to replicate without losing the capacity to proliferate.
It is not surprising then that a number of genes initially identified as oncogenes have been implicated in normal stem cell self-renewal decisions. Genes that have been demonstrated to be involved in regulation of selfrenewal in normal stem cells from many tissues include Bmi-1, Notch, Wnt and Shh (Austin et al., 1997; Spink et al., 2000; Bhardwaj et al., 2001; Taipale and Beachy, 2001; Calvi et al., 2003; Lemischka and Moore, 2003; Lessard and Sauvageau, 2003; Reya et al., 2003; Zhang et al., 2003) . All of these genes were initially identified for their roles in tumor formation. Bmi-1 is a member of the polycomb family that functions to repress the transcription of its target genes via an epigenetic mechanism (Hanson et al., 1999) and in a mouse model of leukemia, Lessard and Sauvageau (2003) showed that Bmi-1 is also needed for the self-renewal of the leukemia initiating cell (LIC).
Since both CSCs and their nontumorigenic progeny share the same mutations that drive tumor formation, it is likely that epigenetic events are responsible for the generation of at least some of the nontumorigenic cancer cells. Supporting this notion are studies that have examined the ability of oocytes to reprogram the nuclei of cancer cells. When nuclei obtained from medulloblastoma tumor cells arising in Ptc1 heterozygous mice were transfered into enucleated oocytes, cells from the resulting blastocysts were unable to form tumors when injected into mice suggesting that the oocytes were able to reprogram cancer cell nuclei via an epigenetic mechanism and suppress their tumorigenicity .
Implications of the stem cell model for cancer
There are major implications for the way we study, diagnosis and treat cancer. If the same populations of cancer cells that are tumorigenic the xenograft model are also tumorigenic in humans, then this must be taken into account when diagnosing and treating cancer. Current therapeutic strategies fail to account for potential differences in drug sensitivity or target expression between the CSCs and their nontumorigenic progeny. Differential sensitivity to treatments between the CSCs and nontumorigenic populations may account for the inability of our current armamentarium of drugs to consistently eradicate solid tumors other than testicular cancer.
Classically, treatments for cancer have relied on the ability to shrink tumors. Since in many cases the CSCs represent a minority cell population of the tumor (Lapidot et al., 1994; Al-Hajj et al., 2003; Singh et al., 2003; Matsui et al., 2004) , agents selectively killing the CSCs are likely overlooked in our current screening methods, which rely on rapid reduction of tumor size. If an agent spares a significant number of the CSCs, then the remaining cells could rapidly reform the tumor. Supporting this hypothesis, recent studies demonstrated that CD34 þ CD38À leukemic cells were significantly less sensitive to daunorubicin or ctyarabine than the bulk population of leukemia blast cells (Costello et al., 2000; Guzman et al., 2002) .
In addition to its impact on our understanding of the efficacy of our current therapies, the stem cell model for cancer is likely to have an impact on the identification of future therapeutic targets. The gene expression patterns of normal stem cells and their more differentiated progeny can differ significantly (Akashi et al., 2003) . DNA and tissue microarrays of tumors to date have focused on either the entire tumor or isolated cancer cells that will make it difficult to de-convolute the gene expression pattern of the CSCs. The identification of novel diagnostic markers and novel therapeutic targets should be simplified by focusing expression studies on the CSCs. Such a strategy successfully identified the role of Bmi-1 in the self-renewal of normal stem cells .
The ability to prospectively identify CSCs has implications for the design of future studies aimed at improving our ability to identify individuals at risk for relapse. In some patients with early stage breast cancer, disseminated cytokeratin-positive breast cancer cells can be detected in the bone marrow of patients that never relapse (DiStefano et al., 1979; Braun and Pantel, 1998) . It has been thought that in these patients, the cancer cells lie dormant until some unknown event triggers them to renew proliferation. Alternatively, it is possible that the disseminated cancer cells in this group of patients arose from the spread of nontumorigenic cells, and only when CSCs disseminate and subsequently selfrenew will patients relapse with macroscopic metastases. Diagnostic reagents that easily identify CSCs in the blood or the bone marrow could allow us to predict which patients will develop metastatic disease. This could allow clinicians to treat only those patients most likely to benefit from adjuvant therapy and thus spare many patients the severe systemic toxicities often associated with cytotoxic drugs.
Future questions

Do CSCs arise from normal stem cells or normal progenitor cells?
Self-renewal is essential for maintenance of both CSCs and normal stem cells. If CSCs are derived from normal stem cells, then the cancer cells can utilize the already functional self-renewal pathways active in these cells. On the other hand, if the CSCs are derived from progenitor cells, then oncogenic mutations must include reactivation of self-renewal pathways in the malignant cells. In the majority of cases of AML, the phenotype of the leukemic stem cells is CD34 þ CD38
À . The phenotype of the normal HSC is Thy1 þ CD34 þ CD38 À (Uchida and Weissman, 1992; Lapidot et al., 1994; Bhatia et al., 1997; Bonnet and Dick, 1997; Miyamoto et al., 2000; George et al., 2001) . This led to the speculation that the leukemic stem cells arose directly from their normal counterparts. However, since LIC lack the Thy 1 expression characteristic of normal HSCs, it is possible that while the early mutations occurred in the HSC, the final transforming mutations occurred in early downstream progenitors lacking Thy 1 expression. Alternatively, the Thy 1 expression could have been lost as a consequence of neoplastic tansformation (Miyamoto et al., 2000) . In human AML, X-linked gene inactivation studies suggested that in some cases of AML the LIC appeared to involve a multipotent cell, whereas in others the differentiation potential of the LIC was restricted to the granulocyte/macrophage lineage (Fialkow, 1990) . Thus, it appeared that the leukemic stem cells might be derived from a multipotent cell in some patients, and committed progenitor cell in others. Recently, it was shown in a mouse model of leukemia that the MLL/ ENL oncogene, which causes human leukemia, was able to transform both normal HSCs and committed progenitor cells (Cozzio et al., 2003) . Interestingly, the phenotype of the resultant leukemia was identical in each case. Taken together, these results suggest in leukemia, the leukemic stem cells can be derived either from transformed HSCs, or progenitor cells that have gained the ability to self-renew (Figure 1) .
What is the developmental hierarchy of breast epithelial tissue?
The ability to prospectively identify HSCs and the different progenitor cells in the developmental hierarchy enables the isolation of specific lineages to determine the functional properties of each type of cell. Similarly, the isolation of CNS neuronal stem cells and neural crest stem cells has enabled the identification of molecular pathways involved in their self-renewal and differentiation (Morrison et al., 2000; Uchida et al., 2000; Hitoshi et al., 2002; Ivanova et al., 2002; Hemmati et al., 2003; Molofsky et al., 2003) . Thus, the prospective identification of the breast epithelial stem and progenitor cell populations should result in a much clearer under- Figure 1 Cancer stem cells origin and their ability to self-renew. Unlike cancer stem cells derived from progenitor cells that require oncogenic mutations to re-activate self-renewal pathways, a cancer stem cell derived from a transformed normal stem cell can make use of the already active self-renewal machinery Self-renewal and solid tumor stem cells M Al-Hajj and MF Clarke standing of processes such as pathways that regulate the self-renewal of breast epithelial cells or the role of estrogen/progesterone receptors in the biology of normal breast development and breast cancer.
There are two possible hierarchies of breast development (Figure 2) . In the first model, there are two populations of self-renewing cells in the breast, myopethelial stem cells and epithelial stem cells. In the second model, the self-renewing stem cell is the precursor to all three populations. Identifying the correct model is important because prior to frank cancer formation, transforming mutations are likely to accumulate in any self-renewing cell population. These cells should be the focus of prevention interventions.
Most evidence to date suggests that the second model is correct. Two groups have reported that 'side population' cells that exclude Hoechst 33342 can reconstitute the breast in the mouse (Welm et al., 2002; Alvi et al., 2003) . Retroviral marking studies have demonstrated that a single cell could contribute to the breast epithelium after serial transplantation (Chepko and Smith, 1999; Smith and Boulanger, 2003) . However, whether a single marked cell can give rise to all three lineages awaits analysis that conclusively proves all three lineages arose from the marked cells. Tissue culture studies suggest that is likely to be the case. Colonies arising from human MUC-1-to þ /À/CALLA þ /À to þ /ESA þ breast cells gave rise to both myopethelial cells and epithelial cells in tissue culture and an ESA þ MUC1À cell line established by immortalizing cultured mammary cells with the human papilloma virus E6/E7 gene could also produce both cell types (Stingl et al., 1998; Gudjonsson et al., 2002) . When breast cells are placed in tissue culture, spheres are formed that contain cells of all three ductal lineages (Dontu et al., 2003) . Although these studies strongly suggest that there is a breast stem/progenitor cell with tri-lineage differentiation potential, it is possible that in the organism, the cells do not have the same differentiation capacities seen in tissue culture. Again, definitive proof awaits demonstration via a single-cell analysis that a single normal, uncultured cell can self-renew and give rise to each of the differentiated populations.
Does cancer progression result in an expansion of self-renewing cancer cells?
The CSC model could help to explain the apparent increased virulence of some cancers over time. Cancer arises after the accumulation of multiple mutations that eventually leads to malignant transformation of a cell (Knudson et al., 1973; Land et al., 1983; Fearon and Vogelstein, 1990 ) and many different combinations of mutations can lead to cancer. During the progression of a cancer it appears that additional mutations in some of the cancer cells can lead to an increased tempo of the progression of the disease. Since the CSCs likely play a central role in tumor growth and spread, it follows that at least some mutations that lead to rapidly growing, quickly spreading tumors might cause a significant expansion of self-renewing cells when compared to their less aggressive counterparts (Figure 3a-c) . There are multiple ways in which this could occur. For example, a particular mutation could favor cell divisions that produce more stem cells over those that produce nontumorigenic cancer cells (Figure 3b ). Another possibility is that a mutation could confer self-renewal capacity to a non-self-renewing cancer progenitor cell population that originally lacked this capability (Figure 3c ). In each of these latter two cases, the expansion of the self-renewing cell populations would undoubtedly lead to a more aggressive cancer.
Although more research is needed to conclusively prove that the CSC content of a tumor has prognostic Figure 2 Models of breast development hierarchy. Identification and purification of the different mammary ductal epithelium stem and progenitor populations will result in a better understanding of breast cancer development. Model 1 depicts two different stem cells, both possessing the ability to self-renew, that can give rise to cells of the epithelial and myoepithelial lineages, respectively. In the second model, a single self-renewing stem cell gives rise to all three populations of cells within the duct Figure 3 Any event that results in the expansion of the pool of self-renewing cells in a tumor will likely make the tumor more aggressive. (a) An oncogenic mutation results in a limited expansion of the stem and progenitor cell pools. Some aberrantly differentiated cells are derived from the cancer stem cell. (b) A second mutation that favors symmetric self-renewing stem cell division will result in a faster growing tumor. If a third mutation occurs that confers self-renewal ability on cancer progenitor cells in the tumor that formerly lacked this ability, then there would be a substantial increase in the self-renewing cancer cells within the tumor, and, hence, the most aggressive cancer (c) significance, there is evidence that this may be the case. In eight of nine patients examined, the phenotype of the breast CSCs was CD44 þ CD24 À/low and the CSCs represented a minority population (Al-Hajj et al., 2003) . However, in one patient with a Comedo-type adenocarcinoma of the breast, a very aggressive form of breast cancer, tumorigenic cancer cell populations were found in both the CD44 þ CD24 À/low and the CD44 þ CD24 þ fractions (Al-Hajj et al., 2003) . In this cancer, more than 66% of the cells were contained in the tumorigenic cell fraction (Al-Hajj et al., 2003) . If the CD44 þ CD24 þ and CD44 þ CD24 À/low cells represent different stages of differentiation, then these data imply that in this comedo carcinoma one or more cell populations have gained the ability to self-renew leading to a more aggressive cancer with an expanded stem cell population. Furthermore, the tumor with the smallest CSC population is also one of the slowest growing in the immunodeficient mouse model (M Al-Hajj and M Clarke, unpublished data). The number of clonogenic cells found in pediatric tumors varied markedly, ranging from B1% of the cancer cells in pilocystic astrocytomas to B25% of the cancer cells in meduloblastomas (Singh et al., 2003) . Since meduloblastomas are generally more aggressive tumors than astrocytomas, this again suggests that increased CSC content in a tumor has poor prognostic significance. Finally, in teratocarcinoma, patients' tumors occasionally contain not only germ cell cancer cells but also nests of sarcoma cancer cells (Ulbright et al., 1984 (Ulbright et al., , 1985 Kesler et al., 1999) . The germ cell elements are often cured by platinum-based chemotherapy, but the sarcoma cells remain after treatment (Kesler et al., 1999) . It is not unusual for patients to relapse years later with distant metastases that contain only the sarcoma cells (Kesler et al., 1999) . This suggests that the original tumor contained two different CSC compartments, the germ cell CSCs and the sarcoma stem cells, as well as terminally differentiated teratoma cells without metastatic potential.
Do oncogenic mutations affect CSCs, nontumorigenic progeny, or both?
Currently, there is an intense effort to develop therapies that target molecular pathways involved in cancer development. However, the effects of mutations can be manifested in the CSCs, their nontumorigenic progeny, or both (Figure 4a and b) . For example, a particular mutation could be present in the CSCs but its ability to cause cancer could be secondary to an expansion of the non-self-renewing progeny of the CSCs (Figure 4b ). In such a situation, therapies that target this pathway would not eliminate the CSC population and would not be curative. There is evidence in CML that this scenario occurs in some cancers. The drug Gleevec s targets the ATP-binding domain of the Abl kinase present in all cases of CML. Most patients treated with Gleevec s respond to the drug and have a virtually complete cytogenetic responses (Druker et al., 1996; Mauro and Druker, 2001) . However, In the majority of patients RT-PCR detects the fusion transcript in the patients' bone marrow cells suggesting that this therapy may not be curative (Paterson et al., 2003) . In some patients in remission and negative for the translocation by fluorescent in situ hybridization (FISH) on unfractionated bone marrow, Bhatia et al. (2003) demonstrated the presence of the BCR/ABL fusion by FISH analysis in the between 6.5 and 13% of their CD34 þ progenitor cells. Since isolation of CD34 þ cells was likely to have enriched for the CML stem cells, this suggests that Gleevec s eliminates CML progenitor cells while sparing the CML stem cells. This could be as a result of the absence of target mRNA expression by the abnormal stem cell population. Alternatively, the BCR-ABL/ATP binding domain signaling pathway might be required for the survival of progenitor cells, but not the CML stem cells. These studies highlight the importance of understanding the effect of the particular pathway being targeted on crucial CSC functions such as survival and self-renewal. Such knowledge should help in the effort to discover more effective therapies. Can we develop therapeutics that target CSCs while sparing normal stem cells?
There has been steady but slow progress in developing curative cancer therapies. Notably, many patients with malignancies derived from hematopoietic cells such as large cell lymphoma and childhood acute lymphocytic leukemia (ALL) can be cured with chemotherapy. Unfortunately, with the exception of testicular cancer, patients with solid tumors are rarely cured after the cancer has metastasized. In most solid tumors, chemotherapy can often initially shrink a tumor, but these effects are usually short-lived and the tumors are destined to return. Thus, new agents are desperately needed to treat these diseases. If the same cells are responsible for tumor growth in the patients and the immunodeficient mice, then our present drugs must initially shrink a tumor but residual CSCs rapidly reform the tumor (Figure 4c ). However, if an agent were to effectively eliminate the CSCs, then even if some nontumorigenic cells were spared, patients would likely be cured (Figure 4c ). Testicular cancer again provides clinical evidence that this is the case. When patients with testicular cancer are treated with platinum-based chemotherapy, they are often left with residual masses. When these masses are resected, if there are any immature cancer cells in the tumor, patients must be treated with more chemotherapy or they have a substantial chance of relapsing (Williams et al., 1987; Donohue et al., 1994) . On the other hand, if the tumor contains only mature teratoma, such patients do not require further therapy and they are often cured (Donohue et al., 1994) .
The observation that a self-renewing cancer cell population drives tumor formation suggests that identification of agents that specifically inhibit CSC selfrenewal or survival while sparing normal stem cells and other essential normal tissues would result in more effective and less toxic treatments. Indeed, several of our current therapies probably function in this manner. Retinoic acid compounds such as ATRA are quite active in the treatment of acute promyelocytic leukemia (APL) (Kogan et al., 2001; Ohno et al., 2003; Ravandi et al., 2004) . These agents probably function by inhibiting the self-renewal of APL stem cells and inducing them to differentiate into terminally differentiated progeny (Breitman and Gallo, 1981) . Sufficient normal HSCs are not affected by these agents and are able to repopulate the bone marrow and to restore normal hematopoiesis (Ohno et al., 2003) . Similarly, Platinumbased chemotherapy eliminates the germ cell CSCs while sparing sufficient normal stem cells, even sufficient gonadal germ cells to allow maintenance of fertility in many patients (Drasga et al., 1983) . In multiple myeloma, the minority clonogenic CD138 -blood cells, but not CD138 þ cells, express CD20. When myeloma cells were exposed to rituximab, a therapeutic antibody that targets CD20, clongenicity was markedly reduced (Matsui et al., 2004) . Together, these observations suggest that understanding the molecular pathways that regulate self-renewal of normal and CSCs is critical. It may be possible to target the differences in self-renewal pathways in CSCs in tumors that are presently hard to treat so that the self-renewal of these cells might be selectively inhibited.
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